Disentangling effects of collision geometry and symmetry energy in U+U collisions 
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Effects of the collision geometry on experimental observables that are known to be sensitive 
to the high-density behavior of nuclear symmetry energy are examined in U+U collisions at 0.52 
GeV/nucleon using an isospin- and momentum-dependent interaction within the framework of IBUU 
transport model. It is found that the neutron-proton differential flow in tip-tip collisions and the 
difference of neutron and proton elliptic flow in body-body collisions are more sensitive to the 
symmetry energy at supra-saturation densities compared with collisions of spherical nuclei of the 
same masses. In addition, the n/p ratio of pre-equilibrium nucleons is found to be slightly more 
sensitive to the symmetry energy in tip-tip collisions, and the collision geometry affects the tt~ /tv + 
ratio significantly. 

PACS numbers: 25.70.-z, 24.10.Lx. 21.65.-f 



I. INTRODUCTION 



Energetic heavy-ion collisions are the only way of pro- 
ducing high-density nuclear matter in terrestrial labo- 
ratories. All heavy nuclei are neutron-rich and many 
of them have a prolate or oblate shape in their ground 
states. While the role of deformation/orientation of nu- 
clei in nuclear fusion/fission at low energies has been 
studied extensively for a long time, it is only during 
the past decade that we witnessed a surge of investiga- 
tions making good use of the deformation/orientation of 
heavy nuclei in energetic nuclear reactions to probe in- 
teresting physics issues, such as properties of the Quark- 
Gluon Plasma (QGP) [J-i] and chiral magnetic effect 
Q in relativistic heavy-ion collisions. It is exciting to 
note that U+U experiments at 193 GeV/nucleon have 
been done very recently by the STAR Collaboration at 
RHIC [Ioj |. While waiting for the experimental results, 
it is worth mentioning that a very rich array of phenom- 
ena were predicted to occur in U+U collisions due to 
different relative orientations of the football-shaped ura- 
nium nuclei. Among all possible orientations, the tip-tip 
(with long axes head-on) and body-body (with short axes 
head-on and long axes parallel) collisions are the most 
interesting ones. In relativistic heavy-ion collisions, the 
central body-body U+U collisions provides a better sys- 
tem to study the properties of formed QGP compared 
with Pb+Pb or Au+Au collisions of similar eccentric- 
ity [H, E[ . Furthermore, the particle multiplicity, initial 
eccentricity, and final collective flow will be affected by 
the collision geometry At beam energies of a few 

hundred McV/nucleon, tip-tip collisions normally have 
a larger stopping power and a longer high-density phase 
compared to body-body collisions EJ E3- ^ has also 



been found that the multiplicities of pions and free nu- 
cleons are different in tip-tip collisions and body-body 
collisions In addition, the transverse flow, which 

is an observable sensitive to the nuclear matter equa- 
tion of state (EOS), is much larger in non-central ti p-tip 
collisions than in non-central body-body collisions [111 ]. 
Moreover, the elliptic flow (^2), which is another messen- 
ger about nucleon-nucleon interactions in dense matter, 
is different in tip-tip and body-body collisions as well [If 
[l3j . While it is very challenging to select events of special 
orientations, such as tip-tip and body-body in U+U col- 
lisions, severalpromising triggers have been proposed in 
the literature [H, [3 and tested positively in model sim- 
ulations. 

Generally speaking, heavy nuclei are all neutron-rich 
especially in their surface areas. Moreover, protons and 
neutrons may have different deformations. There are con- 
siderable interests in the heavy-ion reaction community 
to carry out U+U collisions at intermediate energies to 
probe the density dependence of nuclear symmetry en- 
ergy E sym (p) at 1-3 times normal nuclear matter density. 
For instance, U+U experiments at 0.52 GeV/nucleon 
have already been planned at the external target facilit 
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of the cooling storage ring at Lanzhou/China 
The E sym (p) at supra-saturation density is among the 
most uncertain properties of dense neutron-rich mat- 
ter and has many important ramifications in astro- 
physics [r7rll9j . Especially, the E sym (p) at 1-3 times 
normal nuclear matter density plays the most important 
role in determining the radii of neutron stars [20(. Does 
the U+U collisions really provide a better opportunity 
to probe the EOS of dense neutron-rich matter than re- 
actions with spherical nuclei of similar masses? Suppose 
one can indeed trigger on collisions with specific orien- 
tations in U+U collisions, which orientation, tip-tip or 
body-body, may be a better choice to investigate the 
E sym (p) at supra-saturation densities? For a given orien- 
tation, what are the sensitive probes of the E sym {p)l On 
the other hand, suppose one can not distinguish different 
orientations in U+U collisions in an unfortunate situa- 
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tion, how big are the relative effects of nuclear symmetry 
energy and nuclear deformation/orientation on isospin- 
scnsitivc observables (isospin tracers) in inclusive reac- 
tion events? To help answer these questions, we exam- 
ine relative effects of the collision geometry and nuclear 
symmetry energy in U+U collisions at 0.52 GeV/nucleon. 
Several -E S y m (p)-sensitive experimental observables in ei- 
ther tip-tip or body-body U+U collisions are identified. 
The results are expected to be useful for planning the 
U+U experiments at intermediate energies. 



II. BRIEF MODEL DESCRIPTION 

Our study is carried out within the isospin- 
dependent Boltzmann-Uehling-Uhlcnbcck (IBUU) trans- 
port model [2l|. To facility discussions of the IBUU re- 
sults, we shall firstly describe briefly the effective nuclear 
interaction used in this study. The neutron and proton 
distributions in uranium nuclei are then outlined. 
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FIG. 1: (Color online) The density dependence of the sym- 
metry energy (a) and the momentum dependence of the sym- 
metry potential (b) at p — 1.5po. 



The isospin- and momentum-dependent 
interaction 



The momentum dependence of the nuclear interac- 
tion is important in understanding not only dynamics in 
intermediate-energy heavy-ion collisions [22H24| but also 
thermodynamical properties of nuclear matter (25Tj27| . 
In the present study we use an isospin- and momentum- 
dependent interaction [28[ . In this model, the mean-field 
potential of a nucleon with momentum p and isospin t is 
written as 



U(p,S,p,r) = 



A a (x)— + Mx) — 
Po Po 



V 1 ' o + l P% 



Po 
Po 



3„' 



1 + (p - p>) 2 1 A 2 
P 1 + (?-?)* /A- 



(1) 



In the above, p = p n + p p is the nucleon number den- 
sity and 5 = (p n — p p )/ p is the isospin asymmetry of the 
nuclear medium, with p n (p) the neutron (proton) den- 
sity, r = 1/2 (—1/2) for neutrons (protons), and f(p) 
is the local phase-space distribution function. The val- 
ues of the parameters A u (x), Ai (x), tr, -B, C T . T , C T) _ T and 
A can be found in Rcfs. [28|, [29[, and they lead to the 
binding energy —16 MeV and incompressibility 212 MeV 
for symmetric nuclear matter and symmetry energy 30.5 
MeV at saturation density p = 0.16 fm -3 . 

The above mean-field potential comes from a modified 
Gogny force including a zero-range effective three-body 
interaction and a finite-range Yukawa-type two-body in- 
teraction [2^, [30l . where the parameter x controls the 



relative contributions of the isosinglet and isotriplet in- 
teraction channels. By adjusting the value of x, the den- 
sity dependence of the symmetry energy is modified while 
the value of the symmetry energy at saturation density 
and all the properties for symmetric nuclear matter re- 
main unchanged. The analytical formula of the symme- 
try energy in this model can be found in Ref. [3l| . From 
comparing the IBUU calculations with the isospin diffu- 
sion data, the value of x is constrained between and —1 
at densities around and below the saturation density of 
nuclear matter [2^, [32j . The corresponding slope param- 
eter L = 3po(dE sym /dp) Po is between L = 60 and 106 
MeV overlapping with constraints extracted from study- 
ing several other observables using various approaches 
(see HH and references therein). At supra-saturation 
densities, while the FOPI ir~ /ir + ratio data favors IBUU 
calculations using a super soft symmetry energy with 
x = 1 [jyj , the symmetry energy remains rather uncertain 
and much more studies of additional observables are very 
much needed. To evaluate the relative effects due to the 
collision geometry and the symmetry energy on isospin 
tracers, we use x = and —1 in the whole density range in 
the present work. We emphasize that the current uncer- 
tainty range of the symmetry energy at supra-saturation 
densities is much larger than the one considered here [lj| . 
Thus, the symmetry energy effects with respect to those 
due to geometry in U+U collisions studied here should 
be considered as being rather conservative. As shown in 
the panel (a) of Fig. [TJ x = — 1 leads to a stiffcr sym- 
metry energy which is smaller at subsaturation densities 
and larger at supra-saturation densities compared with 
x = 0. A stiffcr symmetry energy generally leads to a 
larger isospin fractionation effect, i.e., a less neutron-rich 
high-density regime and a more neutron-rich low-density 
regime, to lower the energy of the whole system compared 
with a softer symmetry energy. 
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The mean-field potential from Eq. ([I) can be approxi- 
mately expressed as 

U n / P (p,6,p) w U (p,p) ± U sym (p,p)5, (2) 

where Uq is the isoscalar mean-field potential, U sym is 
the symmetry potential, and the ± sign is for neutrons 
(protons). The momentum dependence of the symme- 
try potential at p = 1.5po are plotted in the panel (b) 
of Fig. [TJ It is seen that the symmetry potential is 
mostly positive, which means that generally neutrons 
feel a more repulsive potential than protons. In addi- 
tion, the symmetry potential is larger for x = — 1 at 
supra-saturation densities, thus neutrons are more likely 
to be emitted from while protons are more likely to be 
trapped in the high-density regime, resulting in a less 
neutron-rich high-density regime and a more neutron- 
rich low-density regime, consistent with the above dis- 
cussion of the isospin fractionation effect. The decreas- 
ing trend of the symmetry potential with increasing mo- 
mentum is consistent with the energy dependence of the 
Lane potential and leads to larger effective masses of neu- 
trons than protons [35j . The in-medium nucleon-nucleon 
elastic cross sections are consistently modified from their 
free-space values according to the in-medium nucleon ef- 
fective masses [HI]. 

B. Initial density distributions 



shown in Fig. [2] Initially two uranium nuclei are placed 
at a distance along the z-axis with different orientations. 
As time goes on, collision happens and the central density 
can reach 2po or higher. The system is most compressed 
around 20 fm/c, when the interaction is the strongest 
and A resonances are abundantly produced. After 20 
fm/c the system begins to expand and the density drops. 
One can expect the different dynamic processes in body- 
body and tip-tip U+U collisions from their different den- 
sity evolutions, especially the longer duration time of the 
high-density regime in tip-tip collisions. 
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FIG. 2: (Color online) Time evolution of the density contours 
in x-z plane for central body-body (upper panels) and tip-tip 
(lower panels) U+U collisions. 



Compared to the uniform ellipsoid distribution as used 
in Refs. [Hrll^, a deformed Woods-Saxon distribution is 
more realistic for uranium nuclei [36| . In addition, vari- 
ous studies have shown that neutron skin exists 
in deformed nuclei as well, and the deformations of neu- 
tron and proton distributions arc different. For 238 C7, we 
use Woods-Saxon distributions for neutrons and protons 
with different radii and deformations 

P° 

Pn/ P {r,0) = — n/p — , (3) 

^ + exp[{r-R' n/p {9))/a\ 

where 

R' n {6) = R n [l + S n Y 2 °(9)}, (4) 
R' v {6) = R P [1 + 8 P Y 2 °(0)}. (5) 

In the above, p° , is the normalization constant, Y 2 °(9) 
is the spherical harmonics, and a = 0.55 fm is the 
surface diffusencss parameter. In the present work we 
use R n = 6.91 fm for neutrons and R p = 6.71 fm for 
protons, respectively. The deformation parameters are 
5 n = 0.275 for neutrons and 5 P = 0.285 for protons, and 
Rn&n ~ Rpbp is approximately satisfied. 

III. RESULTS AND DISCUSSIONS 

Let's first have a global picture of the body-body 
and tip-tip U+U collisions in IBUU transport model, as 



The neutron-proton differential transverse flow, differ- 
ent elliptic flows of neutrons and protons, pre-equilibrium 
neutron/proton ratio, and -k~ /-k + ratio are among the 
experimental observables known to be sensitive to the 
E S ym{p) [HI, Ell- In the following subsections, we will 
examine separately the sensitivity of these observables to 
the variation of E sym (p) in both tip-tip and body-body 
collisions at beam energy of 0.52 GeV/nucleon. We will 
also compare effects of the symmetry energy with those 
due to the collision geometry. Pre-equilibrium nuclcons 
are identified as those becoming 'free' (nucleons with lo- 
cal densities p < po/8) earlier than 40 fm/c when the par- 
ticipant is well equilibrated. We found that our conclu- 
sions are not sensitive to different criteria of identifying 
pre-equilibrium nucleons. Besides the extreme collision 
geometries of body-body and tip-tip collisions, as a ref- 
erence we also study sphere-sphere collisions by setting 
S n = and S p = in Eqs. (0} and ((5|). Although it is still 
very challenging, in the present study we assume that 
desired reaction orientations can be achieved by either 
initially polarizing the colliding nuclei or finally select- 
ing special events using orientation triggers proposed in 
the literature. To simulate typical cases of central and 
non-central collisions, we generated events with impact 
parameters b = fm and b = 6 max /2 where 6 max is about 
12.4, 13.6, and 16.0 fm for tip-tip, sphere-sphere, and 
body-body collisions, respectively. In each case about 
200, 000 events are generated for analysis. 
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A. Neutron-proton differential transverse flow 
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FIG. 3: (Color online) Transverse flow (a) and neutron-proton 
differential transverse flow (b) from non-central U+U colli- 
sions at beam energy 0.52 GeV/nucleon with different colli- 
sion geometries and symmetry energies. 



metry energy. The slope parameters (dF np /dyo) yo =o in 
different cases are shown in Tab. HI where results from 
sphere-sphere collisions are also included for comparison. 
The slope parameter in tip-tip collisions is more sensitive 
to the symmetry energy than that in the other two cases, 
and this is understandable as the total transverse flow 
in tip-tip collisions is the largest and is most sensitive to 
the mean-field potential. The neutron-proton differential 
transverse flow in tip-tip collisions of deformed nuclei is 
thus a better probe to determine the symmetry energy 
at supra-saturation densities compared with collisions of 
spherical nuclei. 



TABLE I: Slope parameters (in MeV/c) of neutron-proton 
differential transverse flow with different collision geometries 
and symmetry energies in non-central U+U collisions. 



body-body (non-central) -1.75 ± 0.46 -2.64 ± 0.46 
tip-tip (non-central) -9.92 ± 0.49 -14.10 ± 0.48 
sphere-sphere (non-central) —5.15 ±0.48 —7.68 ± 0.48 



It is well known that the transverse flow is a useful 
probe of the nuclear EOS. Generally, since the isovector 
potential is relatively small compared to the isoscalar po- 
tential, the transverse flow is dominated by effects of the 
EOS of symmetric nuclear matter and nucleon-nucleon 
scatterings. The transverse flow in non-central U+U col- 
lisions function of reduced rapidity yo = y/yt> eam , 
where y bcam is the beam rapidity in the center-of-mass 
frame, is shown in the panel (a) of Fig. [3l Similar to the 
finding in Ref. fill ], the transverse flow is found to be 
much larger in tip-tip collisions than in body-body colli- 
sions due to the longer duration time of the high-density 
phase, which leads to a more persisting pressure, and 
stronger participant squeeze-out and spectator bounce- 
off effects [44[ due to the collision geometry in the former 
case. 

To probe the isovector potential and thus the symme- 
try energy, it is more useful to use the neutron-proton 
differential transverse flow which minimizes effects of the 
EOS of symmetric nuclear matter and nucleon-nucleon 
scatterings but adds up constructively effects due to the 
positive and negative symmetry potentials of neutrons 
and protons, respectively J4f|. As shown in the panel 
(b) of Fig. [3j a stiffcr symmetry energy (x = —1) leads 
to a larger neutron-proton differential flow, reflecting a 
larger difference of neutron and proton transverse flow. It 
is shown that the neutron-proton differential transverse 
flow is always larger in tip-tip collisions than in body- 
body collisions, and it is even larger from a soft sym- 
metry energy in tip-tip collisions than that from a stiff 
symmetry energy in body-body collisions. Thus, effects 
of the collision geometry on neutron-proton differential 
transverse flow are much larger than those of the sym- 



B. Elliptic flow 

The elliptic flow has been used to study properties of 
hot and dense matter formed in the early stage of heavy- 
ion collisions at both relativistic and intermediate en- 
ergies, see, e.g., Refs. [46| and [47|- To probe the high- 
density symmetry energy, we examine the transverse mo- 
mentum (pt) dependence of elliptic flow (v^) for mid- 
rapidity (| yo | < 0.5) pre-equilibrium nucleons in central 
and non-central U+U collisions from different collision 
geometries in the panel (a) of Fig. [4] In non-central U+U 
collisions, v-i is negative for both tip-tip and body-body 
collisions, as the emission of pre-equilibrium nucleons suf- 
fers the shadowing effects from the cold spectators and 
they are mostly squeezed out in the direction perpendic- 
ular to the reaction plane. Due to the geometry shape, 
body-body collisions give a larger magnitude of v%- The 
elliptic flow vanishes in central tip-tip collisions due to 
symmetry as one expects. However, it is still considerable 
in central body-body collisions. These are all consistent 
with previous results in Refs. 

The elliptic flows of pre-equilibrium neutrons and pro- 
tons are affected differently by the symmetry potential 
too. The difference of neutron and proton elliptic flows, 
especially at higher px , is thus a useful probe of E sym (p) 
as well. As shown in Tab. UH in central body-body U+U 
collisions, the expansion of participants does not suffer 
from the shadowing effects, and a more repulsive mean- 
field potential leads to a larger v-2- Due to the more 
repulsive mean-field potential of neutrons than protons 
considering the combined effects of symmetry potential, 
Coulomb interaction, and initial eccentricity, the elliptic 
flow of neutrons is slightly larger (more negative) than 
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protons for a soft symmetry energy (x = 0), while the 
difference is larger for a stiff symmetry energy [x = — 1 ). 
In non-central collisions the situation is a little different. 
As the expansion of the participant nucleons is blocked by 
the spectator nucleons, a more repulsive potential leads 
to a faster expansion of the participant matter and more 
nucleons are squeezed out perpendicular to the reaction 
plane, resulting in a more negative elliptic flow as dis- 
cussed in Rcfs. |47l . |48| | . It is seen in Tab. HD that the 
elliptic flow of neutrons is somehow less negative than 
that of protons, taking into account the combined effects 
of the symmetry potential, Coulomb interaction, and ini- 
tial eccentricity. Similar results were obtained in Ref. [43| 
from UrQMD calculations. With a stiff symmetry en- 
ergy, which leads to a more repulsive neutron potential 
and a less repulsive proton potential at high densities, 
the difference of high-py neutron and proton elliptic flow 
is smaller. It is seen that this difference is more sensi- 
tive to the symmetry energy in body-body than tip-tip 
and sphere-sphere collisions. This is again understand- 
able as the total elliptic flow is the largest in body-body 
collisions. Thus, the elliptic flow difference between neu- 
trons and protons in body-body U+U collisions is a bet- 
ter probe of E sym (p) than collisions of spherical nuclei of 
the same mass. 
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FIG. 4: (Color online) Transverse momentum dependence of 
the elliptic flow (a) and p T spectra (b) of pre-equilibrium 
nucleons from central and non-central U+U collisions at beam 
energy 0.52 GeV/nucleon with different collision geometries. 
x = is used in the calculation. 



C. Pre-equilibrium neutron/proton ratio 

The transverse momentum spectrum is known to be 
sensitive not only to the isoscalar potential and the 
nucleon-nucleon scattering cross section, but also the col- 
lision geometries in reactions involving deformed nuclei. 
As an example, the transverse momentum spectra of mid- 



TABLE II: Mid-rapidity (\y \ < 0.5) high-p T (pt > 0.5 
GeV/c) neutron and proton elliptic flow difference (%) with 
different collision geometries and symmetry energies in central 
and non-central U+U collisions. 





V2(n) 




V2(n) 


- v 2 (p) 




(x 


= 0) 


(x = 


— 1) 


body-body (central) 


-0.02 ± 0.06 


-0.26 ± 0.06 


body-body (non-central) 


1.46 


±0.09 


1.03 


±0.09 


tip-tip (non-central) 


1.14 


±0.08 


0.93 


±0.08 


sphere-sphere (non-central) 


1.21 


±0.09 


1.00 


±0.08 



rapidity (\yo\ < 0.5) pre-equilibrium nucleons from body- 
body and tip-tip collisions are shown in the panel (b) of 
Fig. |U Similar to the finding in Ref. [TTJ] , the transverse 
momentum spectrum is stiffer in tip-tip than body-body 
collisions, as the high-density duration time is longer in 
tip-tip collisions and high-p^ nucleons are mainly emit- 
ted from the high-density regime. 

It was first shown in Ref. [49( that the pre-equilibrium 
neutron/proton (n/p) ratio, which is insensitive to the 
isoscalar part of the nuclear EOS and the nucleon-nucleon 
scattering cross section, is a sensitive probe of the den- 
sity dependence of nuclear symmetry energy. Due to the 
different px spectra of pre-equilibrium nucleons in body- 
body and tip-tip collisions, it is reasonable to expect that 
the high-px n/p ratio may depend on the collision geome- 
try as well. To test this expectation, the neutron/proton 
ratio of pre-equilibrium nucleons from different cases are 
listed in Tab. lIIII The high-p^ n/p ratios are larger with a 
stiff symmetry energy (x = —1) due to the larger symme- 
try potential as expected, and it is larger in non-central 
collisions than in central collisions as a result of more 
neutron-rich participants in non-central collisions. In ad- 
dition, it is more sensitive to the symmetry energy in cen- 
tral collisions than in non-central collisions. In spite of 
the small symmetry energy effect in the current collision 
energy, the n/p ratio is found to be slightly more sen- 
sitive to the symmetry energy in tip-tip collisions than 
in the other two cases. Moreover, the geometrical effect 
is rather small especially in central collisions compared 
with the symmetry energy effect. 



TABLE III: Mid-rapidity (\y \ < 0.5) high-p T (pt > 0.5 
GeV/c) neutron/proton ratios with different collision geome- 
tries and symmetry energies in central and non-central U±U 
collisions. 



N n /N p 



0) N n /N p {x 



-1) 



body-body (central) 1.248 ± 0.001 1.283 ± 0.001 

tip-tip (central) 1.241 ± 0.001 1.286 ± 0.001 

sphere-sphere (central) 1.246 ± 0.001 1.284 ± 0.001 

body-body (non-central) 1.292 ± 0.002 1.300 ± 0.002 

tip-tip (non-central) 1.281 ± 0.001 1.295 ± 0.001 

sphere-sphere (non-central) 1.290 ± 0.002 1.300 ± 0.002 
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FIG. 5: (Color online) Time evolution of the (7r~/7r + )iike ratio 
in central (a) and non-central (b) U+U collisions with differ- 
ent collision geometries and symmetry energies, in which the 
contributions from A resonances are taken into consideration. 



The 7r _ /7r + ratio is a sensitive tracer of the isospin 
asymmetry of the high-density participants [50j which 
is essentially determined by the E sym {p) through 
the isospin fractionation process, as neutron-neutron 
(proton-proton) collisions produce mostly A~ (A ++ ) 
resonances which decay into 7r _ (tt + )- A more sys- 
tematic analysis has demonstrated that the ir~/ir + ra- 
tio is more sensitive to the symmetry energy at supra- 
saturation densities but insensitive to that at subsatura- 
tion densities [5l[ . Figure [5] displays the time evolution 
of (7r~/7r + )iiko ratio, in which the contributions from A 
resonances are taken into account, from different sym- 
metry energies and collision geometries in both central 
and non-central U+U collisions. A soft symmetry energy 
leads to a larger (7r~/7r + )irk e ratio as expected, although 
the symmetry energy effects with x — and x = — 1 are 
not large for the collision energy studied here. However, 
it is interesting to note that the resulting (7r~/7r + )iik c 
ratio is higher in tip-tip collisions. Effects of the col- 
lision geometry on the final tt~ /tt + ratio are small but 
still around 30% of those due to the symmetry energy in 
central collisions, and they are even larger in non-central 
collisions. This is mainly because pions are strongly af- 
fected by the final state rcabsorption and re-emission. 
The ir~ /tt + ratio is thus affected significantly differently 
by the different path-lengths in collisions of various ge- 
ometries. Nevertheless, we found that the sensitivities of 
the tt~ /ir + ratio to the symmetry energy are similar for 
different orientations. To be more quantitative, values 
of the final ir~ /tt + ratio in different cases arc listed in 
Tab.lTVl 



TABLE IV: 7r~ /ir + ratios with different collision geometries 
and symmetry energies in central and non-central U+U colli- 
sions. 

tt~ /n + (x = 0) 7T~ /n + (x — —1) 
body-body (central) 2.119 + 0.002 2.085 + 0.002 
tip-tip (central) 2.130 ± 0.002 2.095 ± 0.002 

sphere-sphere (central) 2.123 ± 0.002 2.091 ± 0.002 
body-body (non-central) 2.227 + 0.003 2.188 + 0.003 
tip-tip (non-central) 2.252 ± 0.003 2.209 ± 0.003 
sphere-sphere (non-central) 2.245 + 0.003 2.197 + 0.003 



IV. SUMMARY 

We studied the effects of the collision geometry on ob- 
scrvables that are known to be sensitive to the nuclear 
symmetry energy, such as the neutron-proton differen- 
tial transverse flow, the difference of neutron and pro- 
ton elliptic flow, the pre-equilibrium neutron/proton ra- 
tio and the tt~ /tt + ratio in U+U collisions. We found 
that the neutron-proton differential transverse flow is al- 
ways larger in tip-tip than body-body collisions, and it is 
more sensitive to the symmetry energy in the former case. 
On the other hand, the difference of neutron and proton 
elliptic flow is more sensitive to the symmetry energy in 
body-body than tip-tip collisions. In addition, the n/p 
ratio of pre-equilibrium nucleons is slightly more sensitive 
to the symmetry energy in tip-tip collisions. Moreover, 
the collision geometry is found to affect significantly the 
7r~ /tt + ratio. 

As the collision geometry effects are comparable to or 
sometimes even larger than the symmetry energy effects, 
one should be careful when studying isospin-sensitive ob- 
scrvablcs in collisions involving deformed nuclei. Large 
errors may be induced by assuming that the colliding 
nuclei are spherical priorly. In addition, using deformed 
nuclei, the neutron-proton differential transverse flow in 
tip-tip collisions and the difference of neutron and proton 
elliptic flow in body-body collisions are better probes for 
symmetry energy at supra-saturation densities compared 
with collisions of spherical nuclei. 
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